Introduction 55 56
Muscle contraction is historically associated with the sliding filament (42, 45) and 57 the cross-bridge (41, 44) theories. The sliding filament theory proposes that shortening of 58 sarcomeres during activation is accomplished by the relative sliding of actin filaments over 59 myosin filaments. The cross-bridge theory proposes that the sliding of actin filaments is 60 caused by the rotation of cross-bridges. Ultimately, there are observations that the sliding 61 of actin filaments is actually caused by changes in the orientation of the lever arm of 62 attached myosin cross-bridges (40, 59) . Together, all these findings predict that force 63
should be proportional to the number of cross-bridges attached to actin, and therefore 64
proportional to the degree of overlap between myosin and actin filaments. Such prediction 65 was confirmed in the classic study performed by Gordon et al. (33) , who showed that the 66 active force produced by single muscle fibers was directly related to the average sarcomere 67 length, and consequently the degree of filaments overlap. 68
The cross-bridge theory and the sliding filament theory have been accepted by the 69 scientific community and became a paradigm in the muscle field. However, there are 70 several studies that show results that cannot be readily explained by the theories, showing 71 (i) a plateau of the force-length relation extended beyond optimal filament overlap, and 72 forces produced at long sarcomere lengths that are higher than those predicted by the 73 sliding filament theory, (ii) passive forces that are present at long lengths that can be 74 modulated by activation and Ca
2+
, which changes the force-length relation, and (iii) an 75 unexplained high force that is produced during and after a stretch is imposed to activated 76 muscle fibers. Some of these studies even propose new models or a "new paradigm" of 77 muscle contraction [e.g., (37-39, 72, 90) ], dismissing studies performed in laboratories with 78 a long history in the field -in one example, the original sliding filament theory is said to 79 "fail miserably" when explaining forces produced after a stretch is imposed to muscles 80 (37). While some of these observations deserve a careful evaluation, most studies 81
proposing new models of contraction present data lacking rigorous control and that cannot 82 be repeated in other laboratories. 83 motor domain separate the U50 and L50 domains. Switch I and switch II are especially 114 sensitive to the presence of γ-phosphate in the active site, and change configuration in 115 response to the nucleotide state of the motor. The actin-binding interface is comprised of 116 portions from both the U50 and L50 domains. Closure of the 50-kDa cleft, which is largely 117 dictated by the conformations of the strut and switch II joints, results in an increased 118 affinity and strong binding of myosin to actin, which changes the position of the lever arm. 119
Myosin-actin interactions and the active force length relation. The cyclical 120
interaction between myosin and actin -the cross-bridge cycle -is dependent of ATP 121 hydrolysis, which liberates energy for the mechanical work to be produced. The cross-122 bridge model describes three states of myosin ( Figure 2D ): (i) cross-bridge weakly bound 123 to actin (pre-powerstroke), (ii) cross-bridge strongly bound to actin (post-powerstroke), and 124 (iii) detached state. The cross-bridge cycle can be generally described as follows ( Figure  125 2E): (1) one ATP molecule binds to the motor domain of myosin (subfragment 1, S1), and 126 changes the lever configuration, forcing the dissociation from the actin filament. (2) The 127 ATPase in S1 cleaves ATP into adenosine diphosphate (ADP) and inorganic phosphate (P i ). 128
At this step, ADP and P i are held into the myosin head, which changes its conformation 129 again, so that the lever increases its angle and points the myosin head toward the actin 130 filament. (3) After myosin-actin binding, P i is liberated from the S1, triggering the 131 powerstroke; the myosin head moves and slides the actin filament towards the M-line of the 132 sarcomere. (4) ADP is released and the myosin S1 goes back to its initial configuration. 133
When several cross-bridges cooperatively interact with the actin in a random 134 fashion, they slide the actin filament over the thick filament towards the center of the 135 sarcomeres. Many sarcomeres contracting in series contract the myofibrils, causing 136 shortening of the whole muscle fiber. Assuming that (i) myosin molecules work 137 independently and bind to actin in a cyclical and random fashion, and that (ii) the filaments 138 of actin and myosin are mostly inextensible, the active force should be directly proportional 139 to the degree of filament overlap within the sarcomeres. In a landmark study that is 140 commonly used as a reference for the sliding filament theory, Gordon et al. (33) performed 141 experiments with single muscle fibers from the frog to derive the classic force-length 142 relation. The authors measured the average sarcomere length in a central segment of the 143 fibers containing ~50,000 sarcomeres, and used a feedback system to maintain the segment 144 isometric during contractions. When the segment shortened or stretched during 145 contractions, the entire fibers would respond by elongating or shortening, respectively. As 146 a result, the fiber length changed during contractions, and the force would not achieve a 147 steady state. Instead, force first rose rapidly, and then more slowly, creating the "creep" 148 phase of the contraction. In order to avoid the creep phase, Gordon et al. (33) used an 149 extrapolated force before maximal force was achieved to derive the classic force-length 150 relation. The extrapolated force was maximal across sarcomere lengths of 2.00µm-2.25µm, 151 a region where the overlap between the thick and thin filaments is optimal. At longer 152 lengths, force decreased linearly with the decrease in filament overlap, and reached zero in 153 a sarcomere length of 3.65µm, where overlap ceases. 154
Titin and the passive forces. Titin is the largest sarcomeric protein (3-4MDa) (6) 155 and spans from the Z-line to the M-line of the sarcomere. The titin in the A-band of the 156 sarcomere is arranged in a highly conserved repeating pattern (34) ( Figure 1C ). The 157 structure of titin in skeletal muscles is composed of a distal and a proximal segment of 158 tandem Ig residues, one PEVK (Proline, Glutamate, Valine, Lysine) domain separating the 159 two Ig domains, and a N2A segment (up to 2200 residues) between the end of the proximal 160
Ig domain and the PEVK domain. Both Ig and PEVK domains are longer in skeletal 161 muscles than in cardiac muscles (52). Skeletal muscle N2A titin isoforms are classified in 162 slow and fast, according to the muscle fiber type, but the majority of the skeletal muscle 163 fibers expresses just one isoform of titin. Slow muscles express the longest isoform of titin, 164 whereas the fast muscles express a shorter isoform of titin (52). 165
At a given sarcomere length, the passive force is inversely proportional to length of 166 the titin isoform. In skeletal muscles, titin Ig-segments control passive force development 167 from the slack length of 2.0μm to the extended length of 2.7μm, at which length PEVK 168 extension starts to predominate (31, 58). Several short domains of the I-band titin behave 169 as molecular springs. They are organized in a tandem fashion, forming long segments that 170 respond to sarcomere length changes and develop passive force. 171
While the PEVK domain accounts for most of the titin extension (57, 58, 103) contrasting results. Most of these studies were conducted with fibers from the frog and 204 observed a force-length relation with maximal forces between sarcomere lengths of 1.6µm 205 and 3.0µm (10, 28, 29, 35, 62, 101) . The force varies little between maximal overlap and 206 half-maximal overlap, and falls to only ~50% of the maximum force in an average 207 sarcomere length of 3.4µm where only ~10% of the available cross-bridges should overlap 208 with the actin filament ( Figure 3A) . Forces of ~20% of maximal were observed at 209 sarcomere lengths of 3.8µm-4.0µm, where force should not be produced. Studies 210 performed with mammalian muscle fibers repeat the same basic observation, and although 211 the sarcomere length ranges differ due to the varying lengths of the filaments, an extended 212 plateau in the force-length relation was observed (85, 102) . Finally, studies with Limulus 213 muscles, in which the filaments are longer than in vertebrates, repeat the same observation 214 that does not fit the classic force-length relation (104). 215 Mechanism. After much debate, the results observed in studies in which the force-216 length relation differs from the original study by Gordon et al. (33) were attributed to 217 sarcomere length non-uniformity, that develops when fibers are allowed to shorten before 218 reaching maximal force (24-26). Such redistribution of segment lengths has also been 219 associated with the creep observed during tetanic contractions (33). 220
There is evidence that sarcomere lengths are shorter near the ends compared with 221 the middle of highly stretched fibers, (10, 43, 48) . Edman and Reggiani (25, 26) showed 222 that the majority of the sarcomeres situated near the ends of the fibers shorten, whereas the 223 majority of the sarcomeres in central parts of the fiber elongate during contraction at long 224 lengths (25, 26). As a result, small differences in sarcomere lengths can lead to large 225 changes in the force upon activation of muscle fibers at long lengths. Assuming that each 226 sarcomere follows an individual force-length relation, strong sarcomeres will shorten at the 227 expense of the weaker sarcomeres that will lengthen. The average velocity of all 228 sarcomeres will be equilibrated. Since the slope of the elongating side of the force-velocity 229 relation is steeper than that of the concentric side, the force transmitted across these two 230 groups of sarcomeres in series will lie closer to the isometric force of the shorter (stronger) 231 sarcomere, than to the force produced by the "average" isometric sarcomere length (70, 71) . 232
Such mechanism assumes that individual sarcomeres will continue to change length upon 233 activation, resulting in increased inhomogeneity and an enhanced force during a tetanic 234 contraction. Evidence supporting this hypothesis was provided in a study performed in our 235 laboratory conducted with mechanically isolated sarcomeres (75). The force-length 236 relation obtained in this study was similar to a theoretical curve based on filament overlap, 237 and similar to the relation derived by Gordon et al (33) . The plateau of the force-length 238 relation was observed between 2.0μm and 2.4μm, where filament overlap is optimal for the 239 psoas muscle, and the descending limb was fitted with a straight line between 2.4μm and 240 3.5μm, which provided an abscissa extrapolating to 3.87μm. 241
242
The passive force-length relation 243
244
When skeletal muscles are stretched without activation, there is an exponential 245 increase in passive forces that is developed mostly by titin molecules. In skeletal muscles, 246 the increase in passive forces does not start until sarcomeres are stretched along the 247 descending limb of the force-length relation, and its point of inflection depends on the titin 248 isoform (81). When evaluating the predictions of the sliding filament theory, investigators 249 commonly discard the passive forces from the total force to isolate the active components 250 of the force-length relation [e.g., (26, 33, 101) ]. Such procedure is correct to evaluate 251 myosin-actin interaction, and assumes that activation does not change the passive force. 252
However, there is mounting evidence that Ca repeated by our group that investigated the regulation of the passive force-length relation in 258 fibers depleted from regulatory proteins and thin filaments (19). We observed an upward 259 shift in the force-length curve, similar to Labeit et al. (51) . Most significantly, we observed 260 a small but significant upward shift in the passive force-length relation when isolated 261 myofibrils were treated with EDTA which depletes the preparation from troponin C, 262 gelsolin which depletes the preparation from thin filaments, and blebbistatin which 263 eliminate the possibility that myosin-actin interaction were activated in pCa phenomenon to be taken into account when investigating the force-length relation. There is 274 one study that shows values that are remarkably different from others (54) ( Figure 3C ). In 275 this study, the authors observed an increase in force of ∼350% in a sarcomere length of 276 6μm after myofibrils are stretched in a pCa of 4.5 when compared to a pCa of 9.0. Oddly, 277 they observed that these forces reached levels ~700% above the active forces developed in 278 the plateau of the force-length relation. There results have been used for the proposal of a 279 new paradigm of muscle contraction (38, 39) or a "winding filament theory" of contraction 280 (72). It is well known that muscle fibers stretched by as little as 20% from the plateau of 281 the force-length relation get irreversibly damaged [e.g., (5, 8, 61, 74, 107) ]. Furthermore, 282 Linke et al. (58) showed that myofibrils from psoas muscles yield and the A-band titin is 283 dislodged from the thick filament at a sarcomere length of ~3.6μm. Such observation was 284 confirmed in a subsequent study that showed a yield point for myofibrils at ~4μm, and 285 beyond this point the force did not increase further, likely due to titin damage 286 (105). Therefore, the results showing very large forces upon stretch of myofibrils to 6.0μm 287 cannot be reconciled with well-known properties of skeletal (54), and have not been 288 repeated in any other other laboratory. 289
Mechanism. There is a hypothesis to explain the increase in passive forces upon 290 muscle activation that is supported indirectly by several studies conducted independently: a 291 Ca 2+ -induced regulation of titin that increases the passive forces upon muscle activation. 292
The first evidence for such mechanism arises from studies showing a "static" stiffness and 293 tension in skeletal muscle fibers (2, 4, 14, 19, 73) . When muscle fibers are activated in the 294 presence of different myosin inhibitors that block myosin-actin interactions and then are 295 stretched, the force increases sharply. This static tension remains elevated for as long as 296 activation persists after the stretch (2, 4, 19) . The static tension increases with the 297 amplitude of stretch and initial sarcomere length, but is independent on the velocity of 298 stretch, characteristics that fit a titin-based mechanism of force regulation. A recent study 299 conducted with intact fibers isolated from the mouse showed that the static stiffness is 300 greater in extensor digitorum longus (fast) muscle than in soleus (slow) muscle (73). This 301 muscle type dependence strengthens the possibility that static stiffness is caused by titin. 302
Another mechanism by which Ca 2+ could regulate titin mechanics is by increasing 303 the binding to actin, consequently increasing the overall stiffness of the sarcomere. It has 304 been shown that the binding of the PEVK domain to actin can be modulated by S100A1, a 305 member of the S100 family of EF-hand Ca 2+ binding proteins (106). However, while one 306 study showed that titin inhibited the sliding of the actin filaments on in-vitro motility essays 307 in the presence of Ca
2+
, suggesting a strong actin-titin affinity (49), subsequent studies 308 using titin fragments failed to detect binding between the tandem Ig segments of titin and 309 actin (50, 106). In fact, one study showed that S100A1-PEVK interaction reduces the force 310 that arises when F-actin slides relative to the PEVK domain, alleviating the PEVK-based 311 inhibition of F-actin motility (106). 312
313
The effects of increasing the load and stretching the muscles 314
315
If muscles are stretched while activated, they produce a substantial increase in force 316 (1, 20, 32, 60, 76) while the rate of ATP hydrolysis is decreased (56). After stretch, force 317 decays and reaches a steady-state, which is higher than the force obtained at the 318 corresponding length during purely isometric contractions, i.e., there is a residual force 319 enhancement (23, 27, 86, 91, 94) . Traditional cross-bridge models cannot easily fit the 320 increase on force developed during stretch, and the residual force enhancement departs 321 from the traditional force-length relation and predictions of the sliding filament theory. 322
323
Force increase during stretch. When the stretch is performed at slow velocities (< 324 2 Lo•s -1 ), the force enhancement has two components, (i) a steep phase, in which force 325 increases significantly over a few nanometers per half-sarcomere, and (ii) a slow phase, in 326 which force increases less steeply or remains unchanged (20, 22, 32, 66, 67, 79) . The 327 transition between these phases is associated with the mechanical detachment of cross-328 bridges after they reach a critical extension (32, 83) , between 8nm-10nm of stretch (32, 60) . 329
The force obtained at the transition point increases as a function of the velocity of stretch, 330
to reach a maximum of ~2.0P o at 1.0µm•s -1 /half-sarcomere (20, 21, 30, 60, 77) . 331
Mechanically detached cross-bridges must reattach rapidly after they detach so the 332 force can be maintained during the stretch (30, 32). The detachment rate must also be small 333 to keep the range of cross-bridges populated at high velocities of stretch (17). When these 334 ideas are implemented in cross-bridge models, the rapid attachment needed to maintain 335 force during stretch at high velocities is inconsistent with the decline in cross-bridge 336 number during shortening. Harry et al. (36) circumvented such difficulty assuming that the 337 force during stretch is maintained by cross-bridges extended to extreme lengths, but they 338 would exceed the repeat distance between actin sites. 339
Mechanism. Force enhancement during stretch has been attributed primarily to (i) 340
an increased in the mean cross-bridge force or changes in the configuration of the attached 341 cross-bridges (15, 16, 32), (ii) an increase in the number of cross-bridges attached to actin 342 (9, 55), or a combination of both. 343
Investigators observed an increase in fiber stiffness between 10%-20% during or 344 just after stretch (15, 32). They calculated that such increase is not large enough to explain 345 the increase in force. Instead, they suggest that the force enhancement is caused largely by 346 an increase in the mean force produced by the cross-bridges, i.e., an increased strain during 347 stretch would induce higher cross-bridges forces. Evidence for such hypothesis comes 348 from a series of studies in which fast stretches (>L o ) were imposed to muscle fibres so a 349 clear force transient could be detected, which was associated with a critical cross-bridge 350 extension. Increasing the force produced by cross-bridges by elevating the experimental 351 temperatures (16), lowering the ionic strength (13) or inducing slow stretches (15) isometric force with a small decrease in stretch forces, increasing the stretch force/isometric 362 force ratios. Two studies performed in our laboratory with isolated myofibrils support such 363 mechanism. One study showed that myofibrils treated with BDM showed an increased 364 stretch/isometric force ratio, and also an increase in the critical sarcomere length extension 365 after treatment with 2,3-Butanedione monoxime (BDM) (83). A subsequent study showed 366 that myofibrils activated with MgADP, which biases cross-bridges into strong bound states, 367 presented a reverse effect; the stretch force relative to the isometric force was decreased 368
(64). 369
Although these studies suggest that the increase in force is caused by an increase in 370 the force or actomyosin state of the cross-bridges, other investigators who have rigorously 371 measured the x-ray diffraction arising from the myosin layers have shown increases in 372 force accompanied by an increase in stiffness of 22%-60%, without apparent changes in the 373 cross-bridge mean force (9, 55). They suggest that stretch induces an increase in the 374 number of cross-bridges attached to actin, which could increase force significantly above 375 isometric levels. Such increase could be accommodated by the special rates of myosin-376 actin attachment/detachment. The mechanism behind the increase in the number of cross-377 bridges attached to actin is unclear, but Linari et al. (55) and Brunello et al. (9) provided 378 strong evidence that it may be accomplished by the engagement of the second cross-bridge 379 that shared the myosin S2 segment. Accordingly, the attachment of a second cross-bridge 380 to an actin binding site situated next to the actin already bound to a cross-bridge would be 381 favoured by the change in strain to the filament caused by the first head. Such increase in 382 the number of attached cross-bridges could fit into a model that assumes a new population 383 of cross-bridges present during the stretch. Lombardi and Piazzesi (60) and Piazzesi et al. 384 (76, 78 ) modeled a rapid reattachment of mechanically detached cross-bridges that populate 385 force-producing states. This state would be populated only during stretch. The authors 386 obtained results that were consistent with experimental observations. 387 388 Residual force enhancement. After the decay of force after the stretch, there is 389 residual force enhancement [e.g. (23, 27, 47, 82, 86, 94) ] that cannot be readily explained 390 by predictions of the sliding filament theory -the force is higher than that produced during 391 isometric contractions in a similar average sarcomere length (and conceptually, a similar 392 degree of filament overlap). An example of the force-length relation derived after stretch 393 experiments performed by Edman et al. (23) is given in Figure 4 . Note that there is a clear 394 deviation towards larger forces after stretch. 395
There are many studies investigating the residual force enhancement, and the results 396 vary according to the experimental procedures (amplitudes of stretches, initial sarcomere 397 length, among other factors). Such variability makes challenging to plot a unique force-398 length relation with the values obtained after stretch. Unfortunately, the majority of these 399 studies are highly descriptive, with experiments that are not well controlled (e.g., no 400 measurements of sarcomere lengths, absence of control contractions during experiments) 401 and contribute little to a mechanistic understanding of the phenomenon. When experiments 402 with fibers that used controlled conditions are selected, in which forces are compared at 403 similar (measured) sarcomeres lengths, the number of studies to be evaluated becomes 404 surprisingly low (23, 27, 47, 94) . The levels of force enhancement observed in these 405 studies vary approximately between 10% to 40% above the corresponding average 406 sarcomere length. 407
Our group has performed two studies with myofibrils and/or small groups of 408 sarcomeres in which the sarcomere length was measured throughout the contractions (86, 409 91). First, we investigated segments of myofibrils, and observed force enhancement levels 410 between ~10-40%, consistent with most studies with single fibers (86). More recently, we 411 developed a system to, for the first time, synchronize the sarcomere lengths in myofibrils 412 during and after length changes for proper comparisons of force values (91). We observed 413 that skeletal muscle myofibrils produced an increase in force of ~9% in sarcomere lengths 414 ranging from 2.24μm to 3.13μm. Finally, we investigated the residual force enhancement 415 in mechanically isolated sarcomeres (65, 86) and mechanically isolated half-sarcomeres 416 (65), using protocols that are similar to what has been done in single fibers (i.e., comparing 417 isometric contractions with stretch contractions). We observed that force enhancement was 418 present in these preparations in levels of ~10% above the reference contractions (86), 419 showing that the residual force enhancement is associated with a sarcomeric structure. 420
There are two studies investigating residual force enhancement in myofibrils that 421 show values incompatible with other studies in the field (46, 53). The authors observed an 422 increase in force after stretch at levels of 285% (46) and 386% (53) when compared to the 423 isometric reference forces. These studies make assumptions of sarcomere length 424 measurements and forces that are not necessarily appropriate, such as comparing stretch 425 forces with predicted (not measured) forces produced at isometric lengths (46) and a lack of 426 contractions to assure that the preparations are viable throughout the experiments (54). 427
Until these results can be repeated in other laboratories with well-controlled experiments, 428
they cannot be conciliated into a general mechanism for the residual force enhancement. 429 430 Mechanism. It has been proposed that the residual force enhancement is associated 431 with sarcomere length non-uniformity that develops during muscle contraction (47, 68, 69) . 432
Stretch of an activated muscle would exacerbate the non-uniformity of sarcomere lengths 433 present during fixed-end contractions, similar to what was described in a previous section. 434 A slight difference in the proposed mechanism for the residual force enhancement is the 435 presence of overstretched sarcomeres that would "pop" and be supported entirely by high 436 passive forces (68, 69). However, several studies showed that sarcomere length non-437 uniformity alone could explain the extra force after stretch (79, 82, 86, 89) . Studies with 438 myofibrils failed to observed popping sarcomeres, and force enhancement was observed in 439 myofibrils without a large increase in sarcomere length dispersion (82). Most tellingly, 440 force enhancement observed in single sarcomeres and half-sarcomeres (65) indicate that 441 mechanisms independent of sarcomere length non-uniformity may be involved. 442
An alternative mechanism to explain force enhancement assumes the presence of 443 two factors: half-sarcomere length non-uniformity that develops upon activation and after 444 stretch, and an increase in the stiffness of titin (86). Non-uniformity in half-sarcomere 445 lengths induced at the beginning of activation can increase throughout contractions, even in 446 the absence of overstretch or popping sarcomeres. Half-sarcomere non-uniformities during 447 isometric contractions have been directly observed in myofibrils (99, 100) and isolated 448 sarcomeres (75). There are A-band displacements that follow a characteristic pattern that 449 resembles the force-length relation. At long lengths when titin is stretched, there is less 450 movement of A-bands during activation (75). 451
Half-sarcomere non-uniformity and displacements of A-bands would result in 452 variable amounts of filament overlap. There would be more cross-bridges interacting with 453 actin and thus more active force production in strong half-sarcomeres. Titin filaments 454 would be stretched and become stiffer in the adjacent half-sarcomeres, increasing the 455 sarcomere strain and balancing opposing forces from the strong halves. In fact, force 456 enhancement increases when measurements are performed at sarcomere lengths up to ~20-457 30% longer than the plateau of the force-length relation (23, 27), a region where A-band 458 displacement is significant (75) and passive forces start to play a role in most skeletal 459 muscles. Furthermore, there is a strong correlation between force enhancement and A-band 460 displacements (84). Simultaneously to the increase in passive strain and increase in 461 filament overlap, A-band displacements would cause cross-bridges to constantly stretch 462 while the half-sarcomeres are not stabilized (75, 99), which could add to the force 463 enhancement by a mechanism similar to what happens during muscle fiber stretch. 464
Furthermore, when half-sarcomere length was not observed often there was no force 465 enhancement, strongly suggesting that this mechanism plays an important role. 466
Concurrent with the half-sarcomeres increasing the overlap in one-half of the 467 sarcomere and the stiffness of titin in the other half, the "passive" force produced by titin 468 can also be increased further due to the augmented stiffness of the PEVK domain of titin, 469 which increases further the force after stretch. The mechanism explains well the 470 observations described in the previous sections. 471
Finally, the finding that Ig-domains of titin spontaneously unfolds and refolds 472 against small forces suggests that titin may play an important role during active force 473 generation. calculated that the refolding events deliver significant 474 contractile energy during myofibril activation -even higher than that released by myosin 475 motors. Such additional mechanism for active force generation is still controversial (7), but 476 if confirmed in further studies, it could contribute to the residual force enhancement. If 477 stretching activated muscles would provoke additional unfolding/refolding events in the Ig-478 domain, it could increase the force beyond the levels obtained during isometric 479
contractions. Such mechanism needs to be evaluated in the future. 480
481

Conceptual framework to explain deviations from the force-length relation 482 483
Based on the studies produced by single fibers, myofibrils, sarcomeres and half-sarcomeres, 484 the following sequence of mechanisms is proposed to explain the observations discussed in 485 this review. 486 -Non-uniformity of sarcomere lengths that happens naturally in single fibers increases 487 upon activation, and leads to an equilibrium state that produces a force that is larger than 488 that predicted by the average filament overlap; strong sarcomeres are supported by passive 489 sarcomeres through the stiffness of titin. 490 -There is a stiffness of the PEVK segment of titin upon activation that increases the passive 491 force and shifts the force-length relation upward; the increase in the passive force also 492 balances the force produced by stretched sarcomeres with those with a higher active force 493 produced due to an increased filament overlap. 494
-If the muscles are stretched upon activation, there is an increase in the non-uniformity of 495 half-sarcomere lengths, which changes the overlap between filaments. There is also an 496 increase in the force produced by titin, which is stiffer due to the Ca force is used instead of the extrapolated force (10, 11, 28, 29, 62, 101) . The graph was 530 adapted from Pollack (80) . Note that the plateau is extended to long lengths, and the 531 descending limb of the force-length relation is deviated to the right. (B) The passive-force 532 length relation before and after an increase Ca 
